In addition, the optical and solution thermodynamic features of these Am III complexes, combined with density functional theory calculations, were used to probe the influence of electronic structure on coordination properties across the f-element series and to gain insight into ligand field effects.
Introduction
The past several years have seen an increased resurgence of interest in nuclear power from many countries, with the common goals of ensuring sustainable energy supplies and curbing greenhouse gases.
1,2 However, while proceeding at a rapid rate, the development of nuclear energy is still hampered by safety concerns associated with the handling and processing of spent nuclear fuel and high-level nuclear waste. 3, 4 The long-term radioactivity of nuclear waste repositories is one of the main issues at stake, and is in part determined by the presence of minor trivalent actinides such as americium (Am  III ) and curium (Cm  III ) . [5] [6] [7] The separation of these metal ions from each other and from trivalent lanthanides has proven inherently difficult due to their similar chemical properties and remains a great technical challenge for advanced transmutation and irradiated fuel-reprocessing operations. 8 Approaches for separation range from established solvent extraction techniques such as the TALSPEAK process that relies on selective complexing agents and cation exchanging extractants 9, 10 to more recent methods that combine oxidation and ion exchange procedures. 11 The complexity of these approaches and the further need for effective separation processes direly call for a better understanding of the fundamental coordination chemistry of trivalent actinides as well as for precise methods to detect, characterize, and differentiate these metal ions in solution. Several lanthanides and actinides, including Am III and Cm III , are known to display specific luminescence properties, [12] [13] [14] [15] which can provide important information on the electronic and chemical differences between the 4f and 5f elements and may be in turn used for speciation determination. Most prior actinide photo-luminescence studies have been performed in the solid state and are based on direct excitation of the metal centered transitions, which necessitates high excitation power in order to populate emissive states and generate weak luminescence signals attributed to Laporteforbidden f-f transitions. [16] [17] [18] [19] [20] [21] [22] In contrast, most of our recent work has focused on the indirect modulation of actinide luminescence through the use of sensitizing antenna chelators. [23] [24] [25] In this process, luminescence of the metal ion is prompted by the excitation of the ligand and subsequent intramolecular energy transfer from a triplet excited state or a singlet intra-ligand charge-transfer excited state of the ligand to the metal ion. 12, 26 Using the so-called "antenna" effect therefore leverages the much larger molar absorption coefficients of organic chromophores as compared to those of the weakly absorbing f-f transitions of actinide and lanthanide ions. Siderophore-inspired hydroxypyridinone (HOPO)-containing multidentate ligands are flagship chelators currently under scrutinized development as therapeutic actinide decontamination agents. 27 They are also known for their propensity to act as luminescence antenna for Cm III and a variety of trivalent lanthanides, 25, 28 and, based on the relative electronic energy levels of metals from the 4f and 5f series, 13, 29 should therefore also act as antenna chromophores for Am III (Fig. 1 ). The 5f 6 configuration of Am III makes it isoelectronic with Eu III (4f 6 ), only differing from the lanthanide ion over its larger spinorbit coupling and crystal field splitting, a smaller value of the Slater parameter, and a slightly larger ionic radius induced by the presence of 5f electrons. 30 Fig. 1 ) that bears four 1-hydroxy-pyridin-2-one (1,2-HOPO) moieties on a spermine scaffold, (ii) the natural hexadentate siderophore Enterobactin (2, Fig. 1 ) that links three catecholamide metal-binding groups to a cyclic tri-serine lactone, and (iii) the tetradentate synthetic ligand 5-LIO(Me-3,2-HOPO) (3, Fig. 1 ) that connects two N-methyl-3-hydroxy-pyridin-2-one (Me-3,2-HOPO) subunits onto a linear ether backbone through amide linkages. The Am III complexes formed with these three compounds exhibit sharp luminescence features that were used to probe and discuss coordination chemistry properties as compared with corresponding lanthanide and Cm III complexes, evidencing new tools for the speciation and characterization of minor trivalent actinide species.
Experimental
Caution: 243 Am and 248 Cm are hazardous radionuclides with high specific activities that should only be manipulated in specifically designated facilities, in accordance with appropriate safety controls.
General considerations
Chemicals were acquired from commercial suppliers and were used as received. discharge capacitance) of ca. 50 mJ, yielding an optical pulse duration of less than 300 ns at full width at half maximum (FWHM). For shorter lifetimes, samples were excited with a pulsed NanoLED source (Jobin Yvon, N-16, pulse duration 1.1 ns; maximum repetition rate 1.0 MHz; peak excitation 330 nm). Spectral selection was achieved by passage through a double grating excitation monochromator (2.1 nm mm −1 dispersion, 1200 grooves per mm). Emission was monitored perpendicular to the excitation pulse, again with spectral selection. A thermoelectrically cooled single photon detection module (HORIBA Jobin Yvon IBH, TBX-04-D) incorporating fast rise time photo-multiplier tubes (PMT), wide bandwidth preamplifier, and picosecond constant fraction discriminator, was used as the detector. Signals were acquired using an IBH DataStation Hub photon counting module and data analysis was performed using the commercially available DAS 6 decay analysis software package from HORIBA Jobin Yvon IBH. Goodness of fit was assessed by minimizing the reduced chi squared function, and visual inspection of the weighted residuals. Each trace contained at least 5000 points, and the estimated error on the reported lifetime values is ±10%. Quantum yields were determined as previously described 25 and detailed in the ESI. † The q values were calculated by using eqn (1) 34 and (2) respectively) was comprised between 0 and 7 (or 0 and 5, respectively). Samples were equilibrated in a thermostatic shaker at 25°C for two hours. The emission spectrum of each solution was measured using a 1 cm quartz cell (λ exc = 325 nm, λ em1 = 595-620 nm, λ em2 = 695-710 nm). Each titration was performed independently twice and included over 20 data points. The data were then imported into the refinement program HypSpec 36, 37 and analysed by nonlinear least-squares refinement. Data treatment. All equilibrium constants were defined as cumulative formation constants, β mlh according to eqn (3) , where the metal and ligand are designated as M and L, respectively.
All metal and ligand concentrations were held at estimated values determined from the volume of standardized stock solutions. The refinements of the overall formation constant β 110 included the four previously determined ligand protonation constants, 38 the metal hydrolysis products for both competing metals, for which equilibrium constants were fixed to the literature values, 39 were used for geometry optimization and QZ4P were used for property analysis. 47 Initial coordinates used for geometry optimization were obtained from published X-ray diffraction studies. 48 Results and discussion
Sensitization of Am III complexes
As introduced earlier (vide supra), the use of antenna ligands is known to result in the sensitization of, and brighter emission from, selected trivalent lanthanide or actinide ions, 26 making spectro-fluorimetric measurements possible even at very low concentrations with, in this case, minimum amounts of radioactive metal. The photophysical properties of the Am III complexes formed in situ with 1, 2, and 3 were investigated in buffered aqueous solutions at pH 7.4 with 1 : 1 metal : ligand stoichiometries and concentrations of Am III of the order of 3 μmol L −1 ; the relevant parameters are summarized in and Table S1 †). The occurrence and efficiency of the antenna intramolecular energy transfer process in emitting metal complexes will greatly depend on the energy of the sensitizing ligand triplet excited state, which may be estimated by measuring the residual phosphorescence emission of the ligand singlet and ‡ The conditional stability constant pM is the −log [free M] for the specific set of (Fig. 1 ).
Upon excitation of [Am
III
(1)] − at 325 nm, in the 1,2-HOPO π → π* transition, two distinct emissions were observed: a broad band, centered at 405 nm, attributed to the residual singlet excited state emission from the chelating moieties (with a fluorescence quantum yield of 0.13%), and a much less intense structured emission pattern centered at 700 nm that was ascribed to the Am III 5 D 1 → 7 F 1 transition (Fig. 2) . It is also clear from the excitation spectrum collected at 700 nm (Fig. 2) that the Am III emission arises from the π → π* transitions of the 1,2-HOPO ligand, a direct evidence of the antenna effect.
Finally, attempts to directly excite this forbidden f-f transition under the same conditions resulted in no emission, a consequence of its low molar absorption coefficient, as compared with the highly accessible singlet π → π* transition of the 1, 
Efficiency of the antenna process
Upon further measurement accumulations focusing on a smaller region of the spectrum (i.e. 495-520 nm), the forbidden Am III 5 L 6 ← 7 F 0 transition was also observed as an absorption band in the excitation spectrum (Fig. 2) , albeit as a slight feature centered at 508 nm, but only in the case of ligand 1. This result is consistent with the energy levels of the respective ligand lowest T 1 excited states ( Fig. 1 Kimura and coworkers have derived empirical methods to determine the number of inner sphere water molecules q in luminescent f-element complexes in aqueous solutions. 34, 35 There is ample data for metal ions such as Cm III , which increases the reliability of these methods and has led us to apply the derived equations to the HOPO ligand systems in previous reports. 25 Hence coordination numbers of 9, 10 and 10 were determined for the Cm III complexes of 1 (q = 0.8),
2 (q = 4.2), and 3 (q = 2.5), respectively, and were confirmed using independent alternate calculations. 51 Likewise, a q = 0 value was determined and verified for the eight-coordinated [Eu III (1) Fig. S2 †) , resulting in an only slightly slower luminescence decay of 73 ns in 50% D 2 O, in contrast to a reported increase from 24 ns to 55 ns for the nona-aqua ion. 35 These experiments evidenced the little effect of D 2 O when the metal center is chelated, suggesting less H-D exchange processes and fewer water molecules in the first coordination sphere than hypothesized by applying the Kimura equation, and another indication that N-H vibrations from the ligands have a substantial effect on the luminescence emission from the metal.
Solution thermodynamic characterization
As in our previous solution thermodynamic characterizations of f-element complexation by these high-affinity HOPO chelators, 25, 28 the sensitized emission of the Am III was used to determine the stability constants of the complex formed with the better sensitizer ligand 1, through spectrofluorimetric indirect metal competition titrations at low micromolar concentrations (ESI Fig. S3 †) . Non-radioactive Eu III was taken as a reference because of its electronic structure similar to that of Am III and the remarkable luminescence properties of the corresponding complex, for which emission bands do not overlap with that of the Am III complex. In these competition titrations, solutions containing an equimolar ratio of Am Table 2 and molecular orbital bonding analysis results illustrated in Fig. 4 . Metal-oxygen distances were separated into two categories, depending on the chemical nature of the binding oxygen: the hydroxyl oxygens linked to nitrogen atoms display longer M-O distances by ca. 0.05 Å, as compared to the pyridinone oxygens linked to carbon atoms. The small differences in M-O distances among the three different metal species were also indicative of a strong ionic character in bonding: the four hydroxyl oxygens carry negative charges when deprotonated, displaying larger M-O bond distance variations than the pyridinone oxygens. However, based on the orbital analysis, overlap between the metal 5f orbitals and those of the ligand is higher with Cm III than with Am III , resulting in more covalent interactions. Owing to the large octadentate structure of the 1,2-HOPO ligand, many of the computed orbitals exhibited the same nature. We therefore used a simplified diagram to elucidate the frontier orbitals. In all three metal cases, the occupied frontier orbitals are the f-orbitals at the metal centre, while the π-bonding orbitals of the ligand lie below the f-orbitals. The bonding mixing between the ligand and metal d/f orbitals were omitted for clarity. The lowest unoccupied orbitals are dominated by the π*-antibonding orbitals of ligand 1. Thus, excitation of ligand π-bonding orbitals is predicted to promote electrons to the π*-antibonding orbitals, which are higher in energy than the metal f-orbitals. The relaxation of these excited states will then sensitize the f-electrons and result in f → f transition decay, as observed experimentally.
Nephelauxetic effect and bonding strength
The bathochromic shift of the emission maxima observed during complexation of Ln III and An III cations is induced by the relative decrease in inter-electronic repulsion, and is correlated with the nephelauxetic effect. While the shifts observed with 4f species are typically small (0-3 nm range, corresponding to an energy shift of less than 65 cm −1 ), 53 shifts as large as 50 nm (corresponding to ∼1100 cm −1 ) have been noted in 5f systems. 54 When choosing the transition from the lowest Stark level of the excited state 5 D 1 to the ground level of the accepting state 7 F 1 , shifts of about 9, 4, and 6 nm were observed in the complexation of Am III by 1, 2, and 3, respectively, with 689 nm as the reference for the free ion in solution. 13 These shifts are of the order of 1% and are therefore remarkably less pronounced than those observed with the corresponding Cm III complexes (ca. 2.5%). 25 Most theoretical studies of the nephelauxetic effect have investigated series of ligands for individual cations, 53, 54 but have seldom provided comparisons among analogous complexes through the 4f and 5f series. A recent study established that the nephelauxetic parameter increased regularly with increasing Z in series of allyl acetoacetate lanthanide complexes. 55 This trend is complexes. Comparisons among ligands for a same metal ion are slightly more intricate, as the shift may be due to a combination of factors such as the coordination number or the basicity of the different ligands.
Conclusions
We report the first characterization of Am III luminescence sensitization by three antenna ligands, 3,4,3-LI(1,2-HOPO), Enterobactin, and 5-LIO(Me-3,2-HOPO). Those ligands were initially probed based on their ease of production and availability due to on-going pharmaceutical development studies, but it had become apparent that their respective triplet excited state energies are adequately situated at higher levels than accepting Am III levels. The photophysical properties of the resulting Am III complexes have revealed intramolecular energy transfer processes with features specific to the electronic structure of the Am 3+ ion and drastically different from those of corresponding Eu III and Cm III complexes. As further evidenced through the determination of solution thermodynamic parameters for the complexation of Am III , the use of steady-state luminescence spectroscopy may become an important tool for actinide speciation in complex environments. Future studies will focus on fine-tuning ligand structures to regulate these luminescence sensitization processes with actinide ions and establish direct correlations between stability and spectroscopic properties of the complexes with coordination numbers and electronic structures of both the ligand and the chelated element.
